ABSTRACT: Nine crossbred beef steers (344 ± 26 kg) fitted with ruminal cannulas were used in a randomized complete block design to evaluate the effects of feeding frequency and feed intake fluctuation on total tract digestion, digesta kinetics, and ruminal fermentation profiles in limit-fed steers. In Period 1, steers were allotted randomly to one of four dietary treatments: 1) feed offered once daily at 0800; 2) feed offered once daily at 0800 with a 10% fluctuation in day-to-day feed intake; 3) feed offered twice daily at 0800 and 1700; and 4) feed offered twice daily at 0800 and 1700 with a 10% fluctuation in a day-to-day feed intake. In Period 2, steers were reallocated across treatments. The 90% concentrate diet was fed at 90% of the ad-libitum consumption by each steer. Chromium-EDTA and Yb-labeled steam-flaked corn were intraruminally infused at 0800 on d 1 and 3 and Co-EDTA and Er-labeled steam-flaked corn were infused on d 2 and 4 of the 4-d collection period. Ruminal samples were collected at 0, 3, 6, 9, 12, 15, 18, and 24 h after the 0800 feeding, and total
Introduction
Subacute acidosis has been associated with fluctuation in feed intake when cattle are fed high-concentrate diets (Fulton et al., 1979) . Limit-feeding might decrease the risk of acidosis by restricting the quantity of starch available for fermentation (Preston, 1995) ; however, little is known about the digestive characteristics of limit-1 2215 feces were collected for 4 d. Total tract digestibilities of OM, N, and starch were lowest (fluctuation × frequency, P < .05) when feed was offered twice daily with a 10% fluctuation in intake. Ruminal fluid volume and passage rate were not affected (P >.10) by feeding frequency or intake fluctuation. A frequency × fluctuation × sampling time interaction occurred (P < .01) for ruminal pH. Steers fed a constant amount of feed once daily had higher (P < .05) ruminal pH at 0, 3, 18, and 24 h than steers fed once daily with a 10% fluctuation in feed intake. Total VFA concentration was greater (P < .01) at 9 h after the 0800 feeding when feed was offered once vs twice daily. Feeding twice daily increased (P < .05) the molar proportion of acetate and decreased (P < .05) the molar proportion of propionate. Increasing feeding frequency resulted in a more stable ruminal environment; however, the increased acetate:propionate ratio with twice-daily feeding might result in lower efficiency of energy utilization by limit-fed steers.
fed feedlot steers experiencing fluctuation in the amount of feed consumed.
In addition to feed intake fluctuation, feeding more meals per day might decrease acidosis by minimizing starch intake per meal, which might result in more stable ruminal conditions (Yang and Varga, 1989) . However, most of the available information on feeding frequency has been developed with dairy cattle that are fed a higher proportion of dietary roughage than feedlot cattle. Our objective was to determine the effects of feeding frequency and feed intake fluctuation on nutrient digestion, digesta kinetics, and ruminal fermentation profiles in steers limit-fed a high-concentrate diet.
Materials and Methods
Experimental. Twelve ruminally cannulated crossbred (British × Continental) steers (initial BW = 344 ± 26 kg) were selected to be used in a completely random design to measure the influence of a 10% daily fluctuation in feed intake and once-or twice-daily feeding on digestive function in limit-fed steers. Because of problems associated with steers displacing ruminal cannulas and(or) low feed intakes during the initial dietary adaptation and(or) sample collection, samples were collected from only 9 of the 12 steers in two periods. Steers were adapted to a 90% concentrate diet (Table 1) for 3 wk, and ad libitum consumption by each steer was measured for 2 wk before the experiment began. Before the second sample collection period, the nine steers were reallocated across treatments and readapted. During the experiment, feed was offered at 90% of the ad libitum consumption of each individual steer. Treatments were arranged in a 2 × 2 factorial and consisted of 1) constant daily feed intake with feed offered once daily at 0800; 2) 10% daily fluctuation in feed intake with feed offered once daily at 0800; 3) constant daily feed intake with feed offered twice at 0800 and 1700; and 4) 10% daily fluctuation in feed intake with feed offered twice at 0800 and 1700. The pattern of consumption is illustrated in Figure 1 . Feed intake for steers fed with a 10% fluctuation in day-to-day feed intake consisted of 10% more feed offered than for steers fed a constant amount on d 1, a constant amount of feed was offered to all steers in all treatment groups on d 2, 10% less feed was offered (relative to the constant groups) to steers fed with a 10% fluctuation in feed intake on d 3, and a constant amount of feed was offered to all steers on d 4. This cycle was repeated on subse- and Er-labeled steam-flaked corn (89.15 g of Er/kg of corn) were intraruminally infused at 0800. On sampling days, 1 kg of Yb-or Er-labeled steam-flaked corn replaced 1 kg of the diet. In steers fed twice daily, 1 kg of labeled corn replaced 1 kg of diet fed in the morning. Chromium-and Co-EDTA were prepared as described by Binnerts et al. (1968) and Uden et al. (1980) , respectively. Steam-flaked corn was labeled with Yb or Er as described by Sindt et al. (1993) . On d 15 and 17, steers in the fluctuating group received 10% less and more feed, respectively, than the constant group, and on d 16 and 18 steers received the same quantity of feed as the constant group. This dosing protocol was used to minimize carryover effects of fluid and particulate markers.
On d 15 through 18, ruminal fluid samples were collected at 0 (before dosing), 3, 6, 9, 12, 15, 18 , and 24 h after dosing for analysis of Co, Cr, Yb, Er, pH, VFA, and ammonia. Ruminal pH was measured immediately with a combination electrode, and samples were frozen (−20°C) for subsequent analyses of VFA and ammonia concentration. For ruminal ammonia analysis, 10 mL of ruminal fluid was added to .5 mL of 6 N HCl. Another 8 mL of ruminal fluid was added to 2 mL of 25% (wt/ vol) metaphosphoric acid for VFA analysis. Ruminal fluid was analyzed for VFA (Goetsch and Galyean, 1983) and ammonia (Broderick and Kang, 1980) . Ruminal Co and Cr concentrations were measured with an air-plus-acetylene flame using atomic absorption spectroscopy. Ytterbium and Er were extracted from ruminal contents as outlined by Hart and Polan (1984) , and marker concentration was determined by atomic absorption spectroscopy using a nitrous oxide-plus-acetylene flame.
Calculations and Statistics. Dilution rates of Co and
Cr and passage rates of Yb and Er were calculated by regressing the natural log of marker concentration on time after dosing. Ruminal fluid volume was calculated by dividing dose by ruminal concentration extrapolated to 0 h. Area below pH 6.2 and area below the curve for ruminal metabolites were calculated as described by Bauer et al. (1995) .
Digestibility data were analyzed as a randomized complete block design using the GLM procedure of SAS (1989) . The model statement included terms for steer, period, intake fluctuation, feeding frequency, and the fluctuation × feeding frequency interaction; steer nested within period × fluctuation × feeding frequency served as the error term. Digesta flow and area below the curve data were analyzed as a split-plot for repeated measures design. The model statement included terms for steer, period, intake fluctuation, feeding frequency, day of collection, fluctuation × day, frequency × day, and fluctuation × frequency × day. The error term was steer nested within frequency × fluctuation × day × period. Data collected at various times after feeding (ruminal pH, ammonia, and VFA) were analyzed as a split-split-plot for repeated measures. The model statement included terms for steer, period, intake fluctuation, feeding frequency, day of collection, time of collection, and the interactions. The residual was the error for the sub-subplot. Data were analyzed within time when a significant (P < .10) treatment × time interaction was detected. When a significant (P < .10) treatment F-test was detected, sums of squares were partitioned to test the following contrasts: 1) feeding once vs feeding twice, 2) constant day-to-day feed intake vs 10% fluctuation in day-to-day feed intake, and 3) frequency × fluctuation interaction.
Results and Discussion
Organic matter, N, and starch intakes across the four sampling days are shown in Table 2 . In general, steers fed twice daily consumed feed more rapidly than steers fed once, and feed was generally consumed within 1 to 2 h after feeding for all treatments. By design, intake fluctuation × sampling day interactions (P < .01) were observed for OM, N, and starch intake. Steers fed with a 10% fluctuation in day-to-day feed intake consumed 10% less and more feed on d 15 and 17, respectively, than steers fed a constant amount of feed, whereas on d 16 and 18 all steers received a constant amount of feed.
An intake fluctuation × frequency of feeding interaction (P < .05) was observed for digestibilities of OM, N, and starch (Table 2) . When steers were fed once daily, OM, N, and starch digestibilities did not differ between steers fed a constant amount of feed or with a 10% fluctuation in feed intake. However, when steers were fed twice daily, OM, N, and starch digestibilities were less in steers fed with 10% fluctuation in feed intake on a day-to-day basis than in those fed a constant amount of feed. In contrast, Zinn (1994) observed that a 20% fluctuation in feed intake of twice-daily limitfed Holstein steers was insufficient to adversely affect digestibilities of OM, starch, and N during the late finishing phase. Reasons for the discrepancy between experiments are unclear but may include differences in breed of cattle and(or) initial BW. In addition, daily feed intake in the experiment of Zinn (1994) was restricted to 90% of the ad libitum intake of steers in a companion finishing trial, whereas steers in our experiment were fed 90% of their individual ad libitum feed intake (i.e., each steer served as its own reference). Digestibility of DM generally decreases as intake increases; therefore, the 9.1% greater intake in steers fed twice daily with a 10% fluctuation compared with the average intake of steers on the remaining treatments may have resulted in lower total tract digestion of OM, N, and starch in our experiment. Accordingly, Galyean et al. (1979) observed a 9.5% decrease in total tract OM digestibility when steers were fed a 90.4% concentrate diet and energy intake was increased from 1× to 2× maintenance. In contrast, Zinn and Owens (1983) observed little difference in total tract OM digestion within the range of 1× and 2× maintenance energy intake when steers were fed 80% concentrate diets.
Ruminal fluid volume, fluid flow rate, and particulate passage rate were not affected (P > .10) by feeding frequency or feed intake fluctuation, whereas fluid dilution rate and turnover time responded with a feeding frequency × intake fluctuation interaction (P < .05; Table  3 ). This resulted in a greater fluid dilution rate and faster ruminal turnover time by steers fed a constant amount of feed once daily or fed twice daily with a 10% fluctuation in day-to-day feed intake compared with steers fed once daily with a 10% fluctuation in day-today feed intake or fed a constant amount of feed twice daily. Goetsch and Galyean (1983) observed that feeding a 75% concentrate diet four times daily did not affect ruminal fluid dilution rate or ruminal particulate outflow in steers. In addition, Robinson and Sniffen (1985) reported that feeding dairy cows total mixed diets in early to mid-lactation at different frequencies did not alter ruminal fluid dilution rate. Klusmeyer et Fed once, constant = steers fed a constant amount once daily at 0800; fed once, 10% = steers fed once daily with a 10% fluctuation in day-to-day feed intake; fed twice, constant = steers fed twice daily a constant amount at 0800 and 1700; fed twice, 10% = steers fed twice daily at 0800 and 1700 with a 10% fluctuation in day-to-day feed intake. Standard error of the least squares means; n = 5 for fed once, constant and fed once, 10% and n = 4 for fed twice, constant and fed twice, 10%. al. (1990) observed that dairy cows fed cubed diets once or twice daily had the same ruminal fluid dilution rate as those fed four times per day. However, feeding noncubed diets four times daily increased ruminal volume and decreased ruminal fluid outflow compared with feeding once or twice daily. Klusmeyer et al. (1990) Fed once, constant = steers fed a constant amount once daily at 0800; fed once, 10% = steers fed once daily with a 10% fluctuation in day-to-day feed intake; fed twice, constant = steers fed twice daily a constant amount at 0800 and 1700; fed twice, 10% = steers fed twice daily at 0800 and 1700 with a 10% fluctuation in day-to-day feed intake. Standard error of the least squares means; n = 5 for fed once, constant and fed once, 10% and n = 4 for fed twice, constant and fed twice, 10%. c Fluctuation × frequency interaction (P < .05).
reported no effects of feeding frequency on ruminal particulate outflow in dairy cows.
When pH was below 6.2, total decrease in ruminal pH over the 24-h sampling period was greatest (feeding frequency × intake fluctuation interaction, P = .07) in steers fed once daily with a 10% fluctuation in day-to- Fed once, constant = steers fed a constant amount once daily at 0800; fed once, 10% = steers fed once daily with a 10% fluctuation in day-to-day feed intake; fed twice, constant = steers fed twice daily a constant amount at 0800 and 1700; fed twice, 10% = steers fed twice daily at 0800 and 1700 with a 10% fluctuation in day-to-day feed intake. c Standard error of the least squares means; n = 5 for fed once, constant and fed once, 10% and n = 4 for fed twice, constant and fed twice, 10%. day feed intake or steers fed a constant amount of feed twice daily, intermediate for steers fed a constant amount of feed once daily, and lowest for steers fed twice daily with a 10% fluctuation in day-to-day feed intake (Table 4) . This corresponded to a greater (feeding frequency × intake fluctuation interaction, P = .09) accumulation of total ruminal VFA over the 24-h sampling period in steers fed once daily with a 10% fluctuation in day-to-day feed intake or fed a constant amount of feed twice daily compared with steers fed a constant amount of feed once daily or fed twice daily with a 10% fluctuation in day-to-day feed intake. Similar feeding frequency × intake fluctuation interactions (P < .07) were observed for total accumulation of ruminal acetate, butyrate, valerate, and ammonia. Reasons for differences among treatments are unclear; however, the increased accumulation of total VFA and ammonia over the 24-h sampling period corresponded to lower fluid dilution rate, slower turnover time, and greater total tract digestibilities of OM, N, and starch for steers fed once daily with a 10% fluctuation in day-to-day feed intake or twice-daily fed a constant amount of feed compared with steers fed twice daily with a 10% fluctuation in day-to-day feed intake. Total accumulation of propionate, isobutyrate, and isovalerate over the 24-h sampling period was not affected by treatment (P > .10).
There was a frequency × fluctuation × time interaction (P < .05) for ruminal pH (Figure 2a ). Steers fed a constant amount of feed once daily had a higher ruminal pH at 0, 3, 18, and 24 h after the 0800 feeding compared with steers fed once daily with a 10% fluctuation in feed intake. At 6, 9, 12, and 15 h after the 0800 feeding, ruminal pH did not differ with fluctuation vs constant feeding. When feed was offered twice daily, ruminal pH was higher (P < .07) at 0, 3, 9, 12, 15, 18, and 24 h after the 0800 feeding for steers fed with a 10% fluctuation in feed intake than for the constant-fed steers. In general, there was a tendency (P = .10) for pH to be lower in steers fed once daily compared with feeding twice (5.99 vs 6.17, respectively). In contrast, Sutton et al. (1986) and Yang and Varga (1989) reported that increasing feeding frequency in dairy cattle tended to decrease ruminal pH fluctuation and mean ruminal pH. If ruminal pH is higher throughout the day with twice-daily feeding, as observed in our experiment, the incidence of ruminal acidosis might decrease. However, the higher ruminal pH with twice-daily feeding corresponded to a decrease in digestibility in the present experiment.
There was a frequency × time interaction (P < .10) for ruminal ammonia concentration (Figure 3a) . Feeding frequency did not affect (P > .10) ruminal ammonia concentration at 0, 3, 6, 9, 15, 18, or 24 h after the 0800 feeding. However, ruminal ammonia concentration was greater 12 h after the 0800 feeding for steers fed twice daily. In addition, there was a fluctuation × time interaction (P < .05) for ruminal ammonia concentration (Figure 3b ). Fluctuation in feed intake did not affect (P >.10) ruminal ammonia concentration at 0, 3, 9, 15, or 18 h after the 0800 feeding; however, at 12 h after feeding, ruminal ammonia concentration was greater (P < .06) for steers fed a constant amount of feed on a day-to-day basis. Twenty-four hours after the 0800 feeding, steers fed with a 10% fluctuation in feed intake had a greater (P < .06) ruminal ammonia concentration than those in the constant-fed group. The higher ruminal ammonia concentration at 12 h resulted from twice- Figure 2 . Effects of frequency of feeding and feed intake fluctuation on ruminal pH (a) and effect of frequency of feeding on total VFA concentration (b). Steers fed twice daily were fed at 0 and 9 h. A frequency × fluctuation × time interaction was observed for ruminal pH. Steers fed a constant amount of feed once daily had higher (P < .05) ruminal pH at 0, 3, 18, and 24 h after the 0800 feeding compared with steers fed once daily with a 10% fluctuation in feed intake. When fed twice daily, the constant-fed steers had lower (P < .05) pH at 3, 9, 12, 15, 18, and 24 h after the 0800 feeding compared with the fluctuating group. A frequency × time interaction (P < .05) was observed for total VFA concentration. When steers were fed once daily, total VFA concentration was greater (P < .05) at 9 h after the 0800 feeding compared with steers fed twice daily, and not at other times. daily feeding; feeding twice resulted in two peaks in ruminal ammonia concentration compared with one peak with once daily feeding. Frequency of feeding did not change ruminal ammonia concentration in Holstein steers fed a high-concentrate diet (Bragg et al., 1986) . In contrast, increasing frequency of feeding decreased ruminal ammonia concentration in dairy cows (Yang and Varga, 1989) . Moreover, increasing frequency of feeding decreased diurnal variation of ruminal ammonia concentration in dairy cows (Yang and Varga, 1989) and in steers fed a high-concentrate diet (Bragg et al., 1986) . Total VFA concentration exhibited a feeding frequency × sampling time interaction (P < .02; Figure 2b ). Steers fed twice daily were fed at 0 and 9 h. A frequency × time interaction occurred (P < .01). At 12 h after the 0800 feeding, ammonia concentration was greater (P < .07) for steers fed twice daily. A fluctuation × time interaction occurred (P < .01). At 12 h after the 0800 feeding, ruminal ammonia concentration was greater (P < .06) and at 24 h was lower (P < .05) for steers fed a constant amount of feed compared with steers fed with 10% fluctuation in feed intake.
Volatile fatty acid concentration increased (P < .01) after feeding and decreased before the second feeding. Similar to ammonia, feeding once daily resulted in one VFA peak, whereas feeding twice daily resulted in two VFA peaks. With once-daily feeding, total VFA concentration was greater (P < .05) at 9 h after the 0800 feeding and did not differ (P > .10) at other sampling times compared with twice-daily feeding. Feed intake fluctuation did not affect (P > .10) total VFA concentration. Presumably, steers fed once daily had a greater VFA concentration at 9 h after feeding because the quantity of feed consumed in one meal was greater than in steers fed twice daily. Cattle fed twice presumably reached a fermentation peak earlier because less feed was con- Figure 4 . Effect of frequency of feeding on ruminal acetate (a) and propionate (b) proportion. Steers fed twice daily were fed at 0 and 9 h. A frequency × time interaction occurred (P < .01) for acetate proportion. When steers were fed once daily, acetate was lower (P < .05) at 0, 3, 9, 12, 15, 18, and 24 h after the 0800 feeding but not different (P > .10) at 6 h, compared with steers fed twice daily. A frequency × time interaction occurred (P < .01) for propionate proportion. When steers were fed once daily, ruminal propionate was greater (P < .05) at 0, 3, 9, 12, 15, and 24 h after the 0800 feeding but not different (P > .10) at 6 and 18 h compared with steers fed twice daily.
sumed at the 0800 feeding. The time at which total VFA concentration peaked corresponded to the lowest pH for both once-and twice-daily feeding.
Molar proportions of acetate ( Figure 4a ) and propionate ( Figure 4b ) exhibited a frequency of feeding × sampling time interaction (P < .01). Acetate molar proportion was less ( P < .05) at 0, 3, 9, 12, 15, 18, and 24 h after the 0800 feeding and did not differ (P > .10) at 6 h for steers fed once daily compared with steers fed twice daily. In contrast, feeding once daily resulted in a greater (P < .05) molar proportion of propionate at 0, 3, 9, 12, 15, and 24 h after the 0800 feeding, whereas molar proportions of propionate at 6 and 18 h did not differ (P > .10) from feeding twice daily. Acetate:propionate exhibited a feeding frequency × sampling time interaction (P < .05; data not shown). Acetate:propionate was lower (P < .05) at 0, 3, 9, 12, and 24 h after the 0800 feeding in steers fed once vs twice daily.
An increase in acetate:propionate with twice-daily feeding might reduce performance of feedlot cattle because of the greater energetic efficiency of propionate. Our results agree with the results of Goetsch and Galyean (1983) ; increasing the feeding frequency of steers fed a high-concentrate diet increased the molar concentration of acetate and decreased the molar concentration of propionate. Similarly, Klusmeyer et al. (1990) reported that increasing feeding frequency of dairy cows fed either cubed or non-cubed diets increased the molar proportion of acetate and decreased the molar proportion of propionate.
Propionate molar proportion and the acetate:propionate ratio exhibited a feed intake fluctuation × sampling time interaction (P < .05; data not shown). Feeding with a 10% fluctuation in the amount of feed offered resulted in a lower (P < .05) molar proportion of propionate at 0, 3, 12, 15, 18 and 24 h after the 0800 feeding and increased acetate:propionate ratio (P < .05) at 0, 12, 15, and 18 h after the 0800 feeding compared with constant feeding. Isobutyrate, isovalerate, and valerate molar proportions responded with feeding frequency × sampling time interactions (P < .05; data not shown). In steers fed once daily, isobutyrate molar proportion was lower (P < .05) at 0, 3, 6, and 9 h after the 0800 feeding, isovalerate molar proportion was lower (P < .05) at 0, 3, 6, 9, and 24 h and greater at 15 h after the 0800 feeding, and valerate molar proportion was greater (P < .05) at 3 and 15 h after the 0800 feeding compared with twice-daily feeding. Acetate and isobutyrate molar proportions were greater when steers were fed with a 10% daily fluctuation in feed intake compared with constant feeding.
In summary, digestibilities of OM, N, and starch were less when steers were fed twice daily with a 10% fluctuation in feed intake compared with constant feeding twice daily and feeding once either constantly or with 10% fluctuation. Feed intake fluctuation did not affect particulate passage rate and resulted in few changes in ruminal fermentation profiles. Feeding once daily resulted in lower ruminal pH, greater VFA concentration at peak fermentation, and a lower acetate:propionate ratio than feeding twice daily.
Implications
Feeding twice daily with a 10% fluctuation in feed intake decreased digestibility, which might decrease performance by limit-fed feedlot cattle. Increasing feeding frequency seems to stabilize the ruminal environment; however, feeding twice daily decreased ruminal VFA concentration and increased the acetate:propionate ratio, which might result in lower efficiency of energy utilization by limit-fed cattle.
